The carbon-supported nanoparticles of Pd-Co-M ͑M = Pt, Au, Ag͒ catalysts for direct methanol fuel cells ͑DMFCs͒ in a ratio of ͑70:20:10͒ were prepared through reverse microemulsion method. The X-ray diffraction ͑XRD͒ analysis showed well-defined reflections corresponding to a face centered cubic phase of palladium. From transmission electron microscopy analysis, the particle size after heat-treatment at 500°C was found to be approximately 20 nm, which was also confirmed by XRD analysis. Polarization data indicated Pd-Co-Pt to have better oxygen reduction reaction ͑ORR͒ activity than the other combinations with Ag and Au, in terms of shift in onset potential to a positive value of more than 100 mV and increased reduction current. The ORR kinetics on Pd-Co-Pt was analyzed by using rotating disk electrode to follow a 4 electron pathway, the order of the reaction being unity. The peroxide formation estimated from the rotating ring disk electrode measurements was found to be a negligibly small amount of 1.1%. An additional advantage observed with Pd-Co-Pt was its high methanol tolerance and ORR activity nearly equal to Pt. The major problem which concerns the developments in the direct methanol fuel cells ͑DMFCs͒ is the crossover of methanol through the polymer electrolyte membrane to the cathode compartment.
The major problem which concerns the developments in the direct methanol fuel cells ͑DMFCs͒ is the crossover of methanol through the polymer electrolyte membrane to the cathode compartment. 1 This results in establishment of mixed potentials and depolarization of cathode potential, reduction of cell power and conversion losses due to fuel loss. [2] [3] [4] [5] [6] [7] [8] [9] The simultaneous reduction of oxygen and suppression of fuel oxidation at the cathode requires electrode materials selective to oxygen reduction reaction ͑ORR͒ and further the catalyst should be tolerant to methanol.
Therefore efforts are under way in developing new generation electrocatalysts to address these problems, by examining the requirements for selective ORR and improvements in the electrocatalytic characteristics. Platinum is the best known cathode catalyst, which has not been replaced by other materials so far. But the problem with the Pt catalyst is the high affinity towards adsorption of methanol on its surface. This leads to the catastrophic loss in the performance of DMFCs. Hence, Pt catalyst materials are developed by suitably alloying with secondary elements and studies have shown that platinum-based binary alloyed electrocatalysts such as PtFe, PtCo, PtNi, PtBi, and PtCr exhibit a higher catalytic activity for ORR in acid electrolytes than pure platinum. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] These catalysts have already shown nearly the same activity for the ORR in the absence as well as in the presence of methanol.
Recent research has shown the practicality of using nonplatinum metal alloys for ORR with resistance to methanol oxidation. Several nonplatinum electrocatalysts are reported for their adequate oxygen reduction activity to be considered as potential catalysts in commercial fuel cell applications. Nonprecious catalysts such as metal phthalocyanines, 23, 24 transition metalloporphyrins, 25, 26 transition metal sulfide 27 and ruthenium alloys, 28, 29 show a high selectivity for ORR in acid medium containing methanol in contrast to platinum. Even though they show high methanol tolerance, their activity for ORR in a methanol free electrolyte is significantly lower than that of the conventional platinum electrocatalyst and their long-term operational stability at higher temperatures is very poor.
In this sense, palladium-based plurimetallic catalysts appear cheaper compared to the conventional Pt-based ORR catalyst. Palladium alloys with Co, Cr, Fe, Mo, Ti, Au, and Ni have shown catalytic activity close to that of platinum, giving scope for replacing the latter. [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] These nonprecious metal catalysts present a viable alternative to noble-metal catalysts provided they demonstrate substantial activity and long-term operational stability.
Though non-noble metal alloy catalysts are explored as methanol tolerant ORR catalysts, their activity towards ORR is still lower than Pt-C as reported in the literature. 33, 36 Further, the nonprecious metal catalysts do not match the performance of conventional platinum in the sense of low ORR kinetics and stability in the acidic environment and hence it is very difficult to avoid the loading of the precise metal in the cathode. Recently, several groups have published results obtained for Pd-Co/C as an electrocatalyst for oxygen reduction reaction. [35] [36] [37] [38] [39] [40] [41] [42] Although the hydrodynamic voltammograms presented by Shao et al. 42 for Pd-Co/C vouch for its suitability as a substitute for Pt/C, the data subsequently published by others do not, for example, Zhang and Lee 39 and as observed in the present investigations. Shao et al. and Zhang et al. have also explored the introduction of monolayer levels of platinum on nonplatinum alloys for increasing the efficiency 42, 43 and demonstrated improvements using these catalysts. However, it is possible for these monolayer-based catalysts to undergo fast surface changes that can affect the catalytic activity. Hence, it would be interesting to investigate systems where all the alloy elements and the materials that contribute to the catalyst stability exist in unison. Though proved efficient as a nonprecious alternative to platinum, Pd-Co/C still requires small amounts of stabilizers like Au, as reported by Fernandez et al. 30, 36 for its stable performance. In this work, with an intent to take advantage of the beneficial effects of such additions, we examined Au, Ag, and Pt as an integral part of the catalyst rather than as monolayers. Pd-Co-M ͑M = Pt, Au, Ag͒ catalysts of various compositions were synthesized using reverse microemulsion technique. The composition and structure of the catalyst and electrocatalytic activity towards ORR were studied with and without methanol.
Experimental
Preparation of carbon supported nanosized Pd-Co alloy catalysts.-The carbon supported Pd based catalysts ͑referred to as Pd-Co-M/C͒ in a ratio of 70:20:10 with a metal͑s͒ loading of 20 wt % were prepared by a reverse microemulsion method 36 using sodium dioctylsulfosuccinate ͑AOT͒ as the surfactant and heptane as the oil phase. Briefly, microemulsion I was prepared by mixing required amounts of ammonium hexachloropalladate, cobalt nitrate, dihydrogen tetrachloroaurate, AOT, deionized water, and heptane under constant stirring followed by ultrasonication for 20 min. Microemulsion II was prepared by mixing sodium borohydride, AOT, deionized water, and heptane under constant stirring followed by ultrasonication for 20 min. In both the microemulsions, the molar ratio of water to AOT was kept at 10:1. Microemulsion I and microemulsion II were mixed together and ultrasonicated for 2 h. After that, an appropriate amount of carbon ͑Vulcan XC 72R͒ was added to the mixture to give a metal͑s͒:C weight ratio of 20:80. The result-ant slurry was kept under constant stirring for 2 h, filtered, washed copiously with acetone and deionized water, and dried in an air oven for 2 h. In order to study the effect of heat-treatment on the catalytic activity, the samples thus synthesized were heated at 500, 750, and 900°C in a flowing mixture of 10% H 2 -90% Ar for 1 h followed by cooling to room temperature at a rate of 5°C/min.
Heat-treatment of the catalyst is crucial for the formation of an alloy. When the heat-treatment temperature was lower than 300°C, a mixture of pure Pd phase and an alloy phase was found from X-ray diffraction ͑XRD͒ determinations. 39 With the increase in alloying temperature, we found a slight increase in the particle size and a slight decrease in the lattice parameter. A suitable alloying temperature was ϳ500°C. Such an alloying temperature is significantly lower than that given in the previously published reports, 34, 35 which could be beneficial to the formation of small alloy particles with a narrow particle size distribution. After heat-treatment, the sample was washed with water until no chloride ions were detected and then dried under nitrogen at about 130°C.
XRD measurements of Pd-Co carbon-supported catalysts were carried out on a Philips Pananalytical X-ray diffractometer using Cu K␣ radiation ͑ = 0.15406 nm͒. The XRD spectra were obtained using high resolution in the step-scanning mode with a narrow receiving slit ͑0.5°͒ with a counting time of 15 s per 0.1°. Scans were recorded in the 2 range of 15-90°. The identification of the phases was made by referring to the Joint Committee on Powder Diffraction Standards ͑JCPDS͒ International Center for Diffraction Data database. In order to estimate the particle size from XRD, Scherrer's equation was used. For this purpose, the ͑220͒ peak of the Pd facecentered-cubic ͑fcc͒/fct structure around 2 = 68.8°was selected.
Transmission electron microscopy ͑TEM͒ analysis was carried out using TEM microscope JEOL, JEM 3010, URP, operating at 300 kV and having a resolution of 0.17 nm. The samples for the TEM characterization were prepared as follows: a carbon film was deposited onto a mica sheet that was placed onto the Cu grids ͑300 mesh and 3 mm diameter͒. The material to be examined was dispersed in water by sonication, placed onto the carbon film and left to dry. The average particle size was calculated using about 300 particles.
The performance of Pd-Co-M ͑M = Pt, Au, Ag͒ alloy catalysts and a commercial Pt/C ͑20 wt %, E-TEK͒ catalyst for the ORR was evaluated preliminarily with a half-cell configuration based on the linear scan voltammogram ͑LSV͒ measurements. Ten milligrams of catalysts, 0.5 mL of Nafion solution ͑5 wt %, Aldrich͒ and 2.5 mL of water were mixed ultrasonically. A measured volume ͑3/10 L͒ of this ink was transferred via a syringe onto a freshly polished glassy carbon disk ͑3/6 mm in diameter͒. After the solvents were evaporated overnight at room temperature, the prepared electrode served as the working electrode.
All chemicals used were of analytical grade. All the solutions were prepared with ultrapure water ͑MilliQ, Millipore͒. Electrochemical measurements were performed using a BAS 100B or Autolab PGSTAT 30 potentiostat/galvanostat ͓for rotating ring disk electrode ͑RRDE͒ experiments where the equipment is coupled BI-POT module͔ and a conventional three-electrode electrochemical cell. The counter electrode was a glassy carbon plate and a mercury/ mercurous sulfate electrode served as the reference electrode. However, all potentials are referred to the mercury-mercurous sulfate electrode ͑MSE͒. The electrolyte used for half-cell measurements was 0.5 M H 2 SO 4 or 0.5 M H 2 SO 4 + 0.5 M CH 3 OH. Due to a slight contamination from the Nafion solution, the porous electrodes were cycled at 50 mV/s between −0.65 and 0.5 V vs MSE until reproducible cyclic voltammograms were obtained, prior to any LSV measurements. The upper potential was set to 0.5 V vs MSE so that changes in the particle size and the surface composition of the catalysts could be avoided. Note that no marked changes in the shape and size of the CVs were observed throughout the electrochemical measurements. Also, the Pt real surface area of all the catalysts remained almost constant, indicating that the catalysts are stable under the experimental conditions. The real surface areas of Pt based catalysts obtained are given in Table I . The electrochemical activity for the ORR was measured with the rotating ring disk electrode ͑RRDE͒ technique using an interchangeable ring-disk electrode setup coupled with a rotation controller ͑Pine Instruments͒. High purity nitrogen and oxygen were used for deaeration and oxygenation of the solutions. During the measurements, a blanket of nitrogen or oxygen was maintained above the electrolyte surface. Unless stated otherwise, all half-cell tests were performed at a temperature of 25 ± 1°C. Figure 1 shows XRD patterns of the carbon-supported Pd-Co catalysts with a metal loading of 20 wt % and the addition of noble metal loading such as Au, Pt, and Ag at a ratio of 70:20:10 atomic ratios, which is heat treated at 500°C. From the figure, it is observed that all the XRD patterns exhibit five main characteristics peaks of the fcc crystalline Pd ͑JCPDS Card 00-005-0681͒, namely the planes ͑111͒, ͑200͒, ͑220͒, ͑311͒, and ͑222͒ demonstrating that all the alloy catalysts mainly resemble the single-phase disordered structure ͑solid solution͒. The five diffraction peaks in the Pd-Co-X alloy catalysts are shifted to higher 2 values compared to those of Pd-Co upon heat-treatment suggesting incorporation of Co and a smaller amount of the noble metal into the Pd lattice. The reflections correspond to only a single fcc phase suggestive of formation of a ternary Pd-Co-X alloy phase. The absence of peaks for either Co or X or their oxides indicates that the alloy constituents were thoroughly mixed in the crystal system. The addition of a noble metal at a lower concentration led to a decrease in the lattice dimension, for example, 0.3875 nm in the case of Pd-Co-Pt resulting in a reduction in the Pd-Pd bond distance. Figure 2 shows the TEM images of the carbon supported Pd-Co alloys with the added noble metal. From the images, it can be concluded that all the catalysts are well dispersed on the carbon surface with a narrow particle size distribution. It is also observed that the average particle size is slightly higher than the untreated one ͑figure not shown͒ and the heat-treatment appears to favor agglomeration as reported earlier. 35, 39 It is also noted that a few larger sized particles ͑Ͼ40 nm͒ are also observed, which are formed due to aggregation of the particles at higher temperatures. The particle sizes obtained from the images are in agreement with those calculated from the XRD ͑200͒ peaks using Scherrer equation ͑Table I͒. The surface area ͑SSA͒ of the metal particles was calculated using the equation
Results and Discussion
where d is the mean metal particle size in nm ͑from TEM results͒ and is the density of Pd ͑12 g/cm 3 ͒ or the alloy ͑11.66 g/cm 3 for Pd/Co͒. Further, the roughness factor is calculated by multiplying the SSA with the Pd-Co alloy loading in the electrode ͑1 mg/cm 2 ͒. Figure 3 shows the cyclic voltammetric curves of Pd-Co alloys that are heat-treated at 500°C. The current densities in the hydrogen adsorption/desorption and oxide formation-reduction regions of Pd-Co-X are larger than those seen for Pd-Co alone. For the ternary alloy the large peak area might be due to desorption of hydrogen on the ternary alloy catalyst surface. The specific electrochemical areas of the nanoparticles, calculated from the H upd charge ͑assuming that the alloy ingredients have no effect on the hydrogen adsorption/desorption behavior͒ are listed in Table I . Larger electrochemical areas are observed for Pd-Co-Pt alloys than that of Pd-Co, indicating that rough surfaces are formed during alloying. Figure 4 shows the ORR polarization curves for carbon supported Pd-Co, Pd-Co-Pt, Pd-Co-Au, Pd-Co-Ag, and Pt catalysts in oxygen saturated solution of 0.5 M sulfuric acid obtained using a rotating ring disk electrode at 1600 rpm. The curve of Pd-Co-Pt shows an approx. 100 mV shift to more positive potentials compared with other Pd alloy systems. When compared to commercial Pt/C, there is not much difference in the half-wave potential value. The activity of Pd-Co-Pt/C is higher than that of the other alloy compositions and equal to the commercial Pt/C electrocatalyst ͑20% loading on carbon͒. The respective half-wave potentials are 10 mV and −40 mV vs MSE. The ORR onset potentials for the other alloys are similar. According to Bard's work, the addition of 10% Au allowed them to increase the stability of the catalyst with high electrocatalytic activity. However, in our studies we find from the polarization curves that the combination with Au does not show any improvement while our platinum addition in the place of Au does improve the performance.
Oxygen reduction reaction on carbon supported Pd-Co-M alloy nanoparticles.-
For a quantitative evaluation of ORR kinetics catalyzed by the Pd-Co-Pt/C alloy, current-potential curves at different rates of rotation were recorded at a potential scan rate of 5 mV s −1 using a rotating glassy carbon disk ͑coated with Pd-Co-Pt/C͒-platinum ring electrode ͑RRDE͒. Figure 5a shows typical current-potential curves obtained in an oxygen-saturated 0.5 M H 2 SO 4 solution at 25°C. The limiting currents can be observed as the electrode potential becomes more negative ͑i.e., −0.2 V͒, indicating that the diffusion process becomes the dominant step in the electrocatalytic reaction.
In the case of thin films of supported catalyst in Nafion the Koutecky-Levich ͑K-L͒ plots can be considered for the kinetic measurements and from the K-L equation 
͓2͔
where i is the measured current density, i k is the kinetic current density, B is a constant, and is the rotation rate. The linearity and parallelism of the K-L plot ͑Fig. 5b, inset͒ confirm that the electrochemical reaction follows the first-order kinetics with respect to the diffusing species, i.e., molecular oxygen. The intercept value, 1/i at 1/ 1/2 = 0 gives the kinetic current values for ORR. From the slopes of the K-L plots, i.e., the constant B, the number of electrons exchanged in the reduction of oxygen can be obtained. An experimental value of B = 0.05 mA/rpm, evaluated from Fig. 5 ͑K-L plot͒, agrees well with the calculated value of BЈ = 0.055 mA/rpm. The calculation was performed for the 4-electron reduction using the published data for oxygen solubility ͑1.26 ϫ 10 −3 mol/L͒, the solution's kinematic viscosity ͑1.009 ϫ 10 −2 cm 2 s −1 ͒ and oxygen diffusivity ͑1.93 ϫ 10 −5 cm 2 s −1 ͒. 43 Reasonably good agreement between the experimental value and the calculated values with n = 4e suggests a multielectron charge transfer in the oxygenreduction reaction.
There is no appreciable ring current observed in the kinetic region and whatever the ring currents observed are only from the diffusion control region. The percentage of peroxide formation was calculated at a potential of −300 mV vs MSE using the following equation
where I D and I R are the disk and ring currents, respectively, and N is the collection efficiency of the RRDE. From the above equation, the amount of peroxide formation at this potential was found to be 1.1%, which is considered to be negligible. Recently, 4.1% of peroxide generation on the Pd 2 Co/C nanaoparticle film was reported at a potential of 0.4 V vs reversible hydrogen electrode ͑−0.28 V vs MSE͒ by the Shao group. 42 In order to investigate the activity of the Pd-Co-Pt nanoparticles for ORR under methanol crossover conditions, the rotating disk electrode ͑RDE͒ technique was used in oxygen-saturated solutions with and without methanol. Figure 6 shows the voltammetric behavior of Pt/C and Pd-Co-Pt/C towards ORR in the presence and absence of methanol. The presence of 0.5 M methanol in an acidic solution causes a negative shift of ϳ50 mV in the half-wave potential. From the above, it can be noted that the ORR activity of Pd-Co-Pt alloy is comparable with the performance of the commercial Pt/C. Figure 7 shows the linear scan voltammograms of the methanol oxidation on Pd-Co alloy catalyst and the Pt/C electrocatalyst in 0.5 M H 2 SO 4 + 0.5 M CH 3 OH solution. It can be seen that the current densities of the methanol oxidation reaction on Pd-Co-X alloy catalysts ͑X = Au ,Ag, Pt͒ diminish to values much lower than on Pt/C catalyst. It is of interest to note that the voltammetric currents for methanol oxidation are much lower than those observed at Pt/C and the onset of oxidation current rise occurs at more positive potentials, indicating lowered MOR activity of the Pd-Co-Pt alloy catalyst. It is conjectured that the amount of platinum in the alloy catalyst will not be amenable to appreciable levels of "platinum skin" formation and in turn produce PtOH in quantities much lower ͑as in the case of platinum monolayers studied by Zhang's group 44 ͒ than what is required for MOR to take place efficiently. Pd-Co, being very catalytically active towards ORR, this small extent of PtOH formation will not affect the reaction. Using theoretical calculations, Wang and Balbuena 45 showed that this bimetallic system thermodynamically has performance similar to Pt to catalyze ORR. However, in the presence of methanol, a cathodic shift of ϳ110 mV in the half-wave potential of ORR is observed ͑Fig. 6͒ that might arise possibly from partial site blocking effects of organic adsorption. In addition, the current density values remain unaffected in the presence of methanol. Both CV and RDE measurements of Pd-Co-Pt nanoparticles in methanol solution indicate that MOR on this catalyst is very slow. With this "trade-off," the Pd-Co-Pt system is well behaved towards oxygen reduction and is methanol tolerant, considering the total loss of activity of Pt/C.
Conclusion
The Pd-Co-M ͑M = Pt, Au, Ag͒ catalysts are prepared through reverse microemulsion method and characterized using XRD and TEM. The average particle size was found to be 20 nm for the untreated catalyst materials. The ORR kinetics of the catalyst materials was analyzed using the rotating ring disk electrode ͑RRDE͒ technique. Koutecky-Levich analysis of the voltametric data for different electrodes showed the reaction to follow a first-order reaction with respect to the diffusing reactant. The experimental value of the K-L slope agrees with the one calculated assuming a 4e charge transfer in the oxygen reduction. The amount of peroxide formation estimated from the RRDE measurements was found to be 1.1% that is considered to be negligible. Among the materials studied here, Pd-Co-Pt alone showed a high methanol tolerance and ORR activity, despite a cathodic shift of ϳ110 mV. Comparison of polarization curves for methanol oxidation on carbon supported ͑a͒ Pd-Co-Ag/C, ͑b͒ Pd-Co/C, ͑c͒ Pd-Co-Au/C, ͑d͒ Pd-Co-Pt/C an, ͑e͒ Pt/C alloy catalyst in 0.5 M sulfuric acid +0.5 M methanol solution purged with high pure nitrogen gas, scan rate 5 mV/s; room temperature 25°C
